Abstract. The advantages of a new experimental geometry for nonlinear polarization spectroscopy in the frequency domain (NLPF) are demonstrated. First, homogeneous illumination of the sample allows one to use lower pump intensities, so that the χ (3) approach to describing the NLPF signal is valid. Secondly, there being fewer artefacts from competitive scattering processes results in distortionless NLPF spectra. These experimental improvements are illustrated by experimental results concerning pinacyanol.
Introduction
Nonlinear polarization spectroscopy in the frequency domain (NLPF) was introduced in the early 1970s to determine the homogeneous linewidth and relaxation rates for inhomogeneously broadened electronic transitions [1] [2] [3] [4] [5] [6] . The experimental arrangement consists of two crossed polarizers, between which the sample is located. The NLPF signal behind the analyser is caused by the nonlinear optical modification of the sample by a pump field (induced optical dichroism and birefringence) and observed in the direction and at the frequency of the probe field. The pump and probe fields are nearly monochromatic and linearly polarized with an angle of 45
• between the corresponding polarization planes. Typically the NLPF signal is measured as a function of the detuning = ω p − ω t between the pump and probe frequencies. The measurements are performed under nearly stationary conditions, i.e., in experiments the durations of the used laser pulses are long compared with the molecular relaxation times that are to be measured.
To get full information, it is helpful to investigate the NLPF spectra in two different regimes. The first regime is the absorption band of the system under investigation. The wavelength of the pump laser is tuned over the whole absorption profile. From this part of the NLPF spectra one gets information on substructures and T 2 times. The second regime is in the vicinity of the probe wavelength λ t = 2πc/ω t . The wavelength λ p = 2πc/ω p of the pump beam is tuned with the highest possible spectral resolution around λ t . In the course of this measurement one observes the T 1 peak in the NLPF spectrum.
A critical inspection of the hitherto existing experimental set-up and results of NLPF gives rise to the following comment. Traditionally in four-wave-mixing techniques a more or less parallel arrangement of pump and probe beams is used. The typical experimental geometry for NLPF consisted of nearly counter-propagating probe and pump beams (in the following called the 180
• set-up). Under such experimental conditions the pump beam illuminates the sample imperfectly and the signal can be disturbed by scattering processes producing additional noise background. Absorption as well as saturation effects (nonlinear absorption) for the pump field give rise to a different excitation in the direction of the probe field for a sample with a finite optical density (OD). Depending on the position in the sample, the probe field will interact with molecules pumped with decreasing intensities.
Developing NLPF into a sufficient experimental method for analysing substructure in the absorption spectra of molecular and supermolecular systems [7] [8] [9] [10] , leads us to a new, improved set-up (the 90
• set-up) [10, 11] . Figure 1 shows the principle of NLPF under the conditions of the 90
• set-up. With this configuration it is possible to arrange the electrical field vectors in the same way as in the 180
• setup for the case of a linearly polarized pump field † and to † Song et al show also a variant of NLPF using a circularly polarized pump beam. This is possible only in an in-line set-up. • set-up for the NLPF. The indices p, t, and s indicate the pump, probe (test) and signal beams. The E assign their polarization vectors while the k assign their wavevectors. s ⊥ t means the component of the signal field perpendicular to the probe field, which is measured behind the analyser.
overcome the original experimental difficulties. Use of an expanded pump beam causes a homogeneous illumination of the sample along the probe beam path with a well defined pump intensity, for which χ (3) theory is valid. This allows a constant amplification of the signal over the whole sample volume exceeding the reabsorption. In what follows a theoretical interpretation for the improvements obtained by changing the set-ups is given and experimental data recorded with both set-ups are shown.
Theoretical considerations
The NLPF signal is generated by the polarization of the sample, under the influence of the pump field which is given by
where N is the density of molecules and µ is the molecular dipole operator [12] . The angle brackets symbolize the average over sites and orientations of molecules in the sample. tr symbolizes the trace over all quantum states of the molecule and ρ(t, r) is the reduced density operator. For a homogeneous and isotropic sample under stationary conditions its spatial and temporal dependence is determined solely by the external field
E p (r) and E t (r) are the stationary amplitudes, ω p and ω t are the frequencies and k p and k t are the wavevectors of the pump and the probe (test) beam, respectively. For constant amplitudes one can expand the density operator into a Fourier series of the carrier waves of the pump and probe fields [12] 
On inserting this equation into the Fourier-transformed expression for the polarization we get
The last integral on the right-hand side of this expression results in the phase-matching-condition
In NLPF we are interested only in Fourier components of signal wavevectors k s equal to those of the probe beam k t . The phase-matching condition with the additional assumption of linear order in the probe field results in the simple condition n p = 0, n t = 1 and, hence, any angle between the pump and probe beams is possible. Thus the polarization of the medium can be described by
where χ (3) (−ω t , ω p , −ω p , ω t ) is the nonlinear response depending on the pump and probe frequencies.
Since NLPF spectra are usually recorded at a fixed probe frequency ω t , the theoretical line shape of a NLPF spectrum can be defined as the function [2, 3, 11] 
which, for a homogeneously broadened two-level system [11] , was calculated to be
where ω 0 is the transition frequency, = 1/T 2 is the dephasing rate and γ = 1/T 1 is the energy-relaxation rate. The graph S(ω p ) shows two peaks, the T 2 peak centred at the transition frequency ω 0 and the T 1 peak nearly centred at the probe frequency ω t . At room temperature the width of the T 1 peak, which is determined by the energy-relaxation rate γ , is most often much smaller than the width of the T 2 peak, which is given by the dephasing rate . • and 90
• set-ups, with the probe wavelength 552.05 nm.
Therefore the T 2 peak is recorded in a broad band spectrum as shown in an example in figure 2 and the T 1 peak is recorded separately in the vicinity of ω p ≈ ω t . It is important to remember that the theoretically deduced line shape does not depend on the directions of the wavevectors k p and k t . Therefore the differences between the experimentally measured NLPF spectra of the signal for 90
• and 180
• set-ups are caused neither by the phase-matching condition nor by the intrinsic properties of the nonlinear response but rather by external effects. These are linear absorption and scattering of the two laser beams, especially the pump beam.
Absorption effects
In linear order, i.e. without a pump field, the probe-field propagation is given by
where x is defined along the propagation direction of the probe beam and α(ω t ) is the linear absorption coefficient at the probe frequency. The generation of a third-order signal field can be determined from the propagation equation for the signal field E s (x) perpendicular to the probe field in the slowly varying amplitude approximation
In this equation, the linear response is considered by the linear absorption coefficient α(ω t ) and the k t following from the linear dispersion relation, whereas the third-order response is given explicitly. Since both the probe wave and the signal wave are damped with the same linear absorption coefficient α(ω t ), one must not expect any influence on the NLPF spectrum. Thus it follows that the reason for the deviation between the two set-ups in the broad band NLPF spectrum shown by the example illustrated in figure 2 must be caused by the pump beam. For a 180
• set-up the pump intensity I p (x) = |E p (x)| 2 along the probe beam is given by
and one obtains for the signal behind the analyser
where d t is the sample length along the probe beam and α(ω p ) is the linear absorption coefficient at the pump frequency ω p . The linear absorption of the pump beam other than this of the probe and NLPF signal beam results really in a deviation of the measured NLPF spectrum from the theoretical line shape S(ω p ). Parts of the measured NLPF spectrum where α(ω p ) is high are lower than they should be in theory. Therefore the whole NLPF spectrum must be deconvoluted with the function
to obtain a line shape which is comparable with the theoretical function S(ω p ). The convolution, however, leads to systematic failures and additional statistical error from absorption measurements. This can be avoided by using optically thin samples, as Song et al [2] have called for, but the resulting poor generation of signal leads also to a low signal-to-noise ratio.
For a 90
• set-up, however, it is possible to illuminate the effective sample volume homogeneously with an intensity I (x, y) ≈ I max , if the pump beam is expanded in the x direction and the probe beam has a diameter that is small relative to 1/α(ω p ). Further on the probe beam has to be located next to the surface of the sample where the pump beam comes into the sample cell. Under these conditions the signal is given by
E s (d t ) = 2π ik t χ (3) (−ω t , ω p , −ω p , ω t )d t I max E t (d t ). (13)
The maximum signal obtained with the 90
• set-up is 1.47 times greater than that which is obtained with the 180
• set-up. Since the pump intensity I max is limited by the validity of the χ (3) approach, any additional gain of signal is an improvement. The main advantage of the 90
• set-up, however, is the independence of the NLPF signal from the linear absorption of the pump beam.
Distortions caused by scattering
From the experimental arrangement it follows that scattering processes can disturb the NLPF signal only if they fulfil the phase-matching condition
for n p = 0 and n t = 1. For a 90
• setup this condition requires a | k| of the order of magnitude of |k p | and |k t | respectively. Nearly elastic scattering like Rayleigh or Mie scattering can carry such momentum away, without changing the wavelength at all. Deep inelastic processes like Raman scattering caused by stimulation of molecular vibrations do not produce a broad background, but sharp peaks. Therefore, in a 90
• set-up, both elastic and inelastic scattering could be well separated from the NLPF signal in a monochromator. In an in-line arrangement (a 0
• set-up), however, small N9 values of | k| allow more scattering mechanisms to operate, producing a broadened background. Examples are stimulated Raman scattering caused by molecular rotation or phonon emission as well as stimulated Brillouin, thermal and concentration scattering. In a 180
• set-up, light resulting from these processes, which itself is reflected at the window of the sample cell, can disturb the NLPF signal. Additionally Brillouin scattering becomes important in this case.
Experimental details
To demonstrate the effects on NLPF signals resulting from the two set-ups, we studied them for the dye Pinacyanol (1,1 -diethyl-2,2 -carbocyaninchloride) (PI). PI was dissolved in ethanol. The red part of the absorption spectrum has three maxima located at 607, 564 and 520 nm. Our measurements were performed in the spectral region around the 564 nm maximum. NLPF spectra have been measured at a probe wavelength of 552.052 nm. The optical density (OD) of the sample at these wavelengths was 1.2 (for a dye concentration of approximately 7.4×10 −5 M). A probe path length of 5 mm has been used in the experiment.
The basic items of both experimental set-ups, the counter-propagating and the new, improved 90
• set-up, are two Glan-Thompson polarizers (Halle Nachf., Berlin) with a cut-off ratio better than 10 −8 . The pump laser is a neargrazing-incidence system (Laser Analytical System LDL 205), which is continuously tunable over the entire gain range of the dye solution used. The probe beam is fixed in wavelength and provided by a LPD 3000 laser system (Lambda Physik) in Littrow configuration with an intracavity etalon. Both dye lasers are pumped simultaneously by an excimer laser (Lambda Physik LPX 105) and have a spectral band width of less than 0.05 cm −1 monitored by a wavemeter WA-4500 (Burleigh Instruments Inc). The pulse width (FWHM) is about 15 ns.
For the 180
• set-up pump and probe beams are focused by means of spherical lenses into the sample to a diameter of up to some tens of micrometres. Care has been taken that the intensity distributions of both laser spots were Gaussian shaped. In the case of the 90
• set-up the pump beam was expanded in the x direction by means of a cylindrical lens. In this way the illumination of the sample becomes nearly homogeneous (the relative intensity variation along the probe beam was smaller than 15%). The diameter of the probe beam was 120 µm, fulfilling the condition that it be small relative to 1/α(ω p ). In all cases the geometry of the pump and test laser spots has been controlled by a laser beam analyser system (Spiricon LBA-100A).
The influence of the pump beam self-focusing along the direction of the probe beam has to be reduced by positioning the probe beam near the surface of the sample cuvette where the pump beam comes in. After passing a monochromator (for suppression of scattered light) the NLPF signal is detected by a photomultiplier tube with a pre-amplifier (Hamamatsu R636) and a boxcar system (Laser Analytical System V1). The entire experiment (the tuning range of the pump laser frequency, spectral resolution, signal accumulation and so on) is controlled by the 'Wavescan' program, which is part of the LDL 205 dye laser system. • set-ups.
For the measurements the laser dye Coumarin 153, dissolved in propylenecarbonate, tunable from 520 to 585 nm was used. The intensity of pump and probe laser beams was continuously monitored. The maximum of the applied pumping intensity was 7 × 10 5 W cm −2 . Additional measurements of nonlinear absorption gave no hint of significant depopulation of the singlet ground state (excited state absorption) under our experimental conditions. Each data point is the mean value of ten observations. Spectral bandwidths and tuning ranges of the laser systems determine the time resolution of the measurement. The upper limit for determination of T 1 is restricted by the finite spectral bandwidth (without deconvolution, in our case T 1 = 50 ps). The lower limit for the determination of T 2 is restricted by the tuning range of the pump beam and the signal-to-noise ratio of the NLPF signal, which is essentially specified by the cut-off ratio of the two crossed polarizers and the electronic equipment.
The following data analysis [11] requires that the pump intensity be constant over the wavelength range used, but the intensity of the pump laser used in our experiment depends on the wavelength. Therefore the raw NLPF spectra are weighted. The theoretically predicted, quadratic dependence of the NLPF signal on the pump intensity has been verified experimentally for the intensity range 4 × 10 5 to 4 × 10 6 W cm −2 ). Consequently, the above-mentioned weighting factor could be eliminated mathematically.
Results
The signal profiles measured under the conditions of the two different set-ups in the cases of low and high resolution are depicted in figures 2 and 3 respectively. For low resolution (0.5 nm stepwidth) the investigated part of the absorption band was limited by the tuning range of the pump laser. Nevertheless one can see a deviation in the NLPF spectra recorded with the 180
• set-up in comparison with the 90
• set-up, corresponding to the theoretical consideration given above. For the 180
• set-up the NLPF spectrum is lower on the red side of the spectrum, since there the linear absorption of pinacyanol is higher. The real advantage of the 90
• set-up, the independence of the NLPF signal from the linear absorption of pump beam, is observed clearly. Thus the broad band NLPF spectra which are recorded with the 90
• set-up, like that shown in figure 2, can be compared with a theoretical line shape S(ω p ) directly.
For the high resolution shown in figure 3 , NLPF spectra recorded with the 180
• set-up exhibit next to the probe frequency an additional peak, which does not appear in the measurement with the 90
• set-up. Therefore it can be supposed to be an artefact produced by one of the competitive scattering processes mentioned above. With the 90
• setup, it is absent. For details of the NLPF measurement on pinacyanol and interpretations see [11] .
Conclusion
By introducing the 90
• set-up the intensities could be considerably lowered, while keeping a sufficiently high signal-to-noise ratio. Most distortions and artefacts in NLPF spectra are avoided too. This mainly results from the homogeneous illumination of the sample by the pump beam and, moreover, from reducing the incidence of scattering processes. Therefore one obtains NLPF spectra whose line shapes can be analysed directly without deconvolution except for that arising from the emission spectrum of the pump laser.
